ABSTRACT: Application of surfactants to increase the mobility of hydrophobic contaminants in soils will create a secondary aqueous waste stream containing mobilized contaminant and surfactant that may be biodegraded. Previous research on surfactant biodegradation focused on low surfactant concentrations, typically less than 0.01 % (weightlweight). The goal of this project was to investigate the effect of surfactant concentration, greater than O.Ol%, on the rate and extent of surfactant biodegradation.
Introduction
A significant number of hazardous waste sites are contaminated with organic compounds of limited aqueous solubility. The use of surfactants has been proposed to enhance remediation of hydrophobic compounds and non-aqueous-phase liquids in the vadose zone (Clarke et al., 1991, and Ellis et al., 1985) and in the saturated zone (Fountain et al., 1991) . Surfactants have been proposed for use on excavated soils in aboveground "soil-washing'' reactors as well as on intact soils through in situ injection and recovery. In both instances, a secondary waste stream would be produced consisting of the surfactant and solubilized organic contaminant. This waste stream would require treatment to meet applicable environmental regulations.
Recycling of the surfactant solution by removing the hydrophobic contaminant is a desirable treatment option. Past attempts (hydrolysis, ultrafiltration, foam fractionation, and adsorption) with nonionic surfactants have met with limited success (Ellis et al., 1985) . Underwood. et al. (1995) developed a countercurrent solvent extraction system to remove hydrophobic contaminants from anionic surfactant solutions. The volume of hexane used in the extraction process was approximately 10% of the surfactant solution volume; this residual waste also requires treatment. The higher critical micelle concentrations (CMCs) associated with anionic surfactants require that a higher surfactant concentration be used to achieve solubilization comparable to that of nonionic surfactants. Hence, it may be more economical to use nonionic surfactants and not recycle the surfactant.
The disappearance of surfactant characteristics has been observed in biodegradation studies of hazardous wastelsurfactant mixtures; however, no quantitative investigations have been conducted Ang, 1994, and Fountain et al., 1991) . Biodegradation offers the advantage of simultaneously treating both the contaminant and the solubilizing agent without creating a residual hazardous waste that would require further handling and disposal.
Two alkylethoxylate nonionic surfactants, Neodol 9108 and Makon 12, were selected for investigation based on their low biotoxicity and demonstrated ability to solubilize a range of hydrophobic compounds (Currie, 1992) . Both compounds also have moderate hydrophobe and ethoxylate chain lengths, making them particularly well suited to biodegradation (Swisher, 1987) .
Important considerations in selecting the range of surfactant concentrations for this study were the concentration in the recovered leachate and the concentration that would inhibit microbial degradation. Most investigations on surfactant-enhanced soil remediation for hydrophobic compounds have used surfactant solution concentrations on the order of 1 %, concentrations far exceeding the CMC (Abdul and Ang, 1994; Ellis et al., 1985; and Fountain et al., 1991) . Subsequent water rinsing of soil can further reduce the concentrations of surfactant and hydrophobic organics in the leachate (Rajput et al., 1994) . Thus, the estimated range of surfactant concentration in the leachate is 0.1 to 1% (weighvweight [wlw] ; note that all reported surfactant concentrations in this study are on a wlw basis).
There is extensive literature on biodegradation for surfactant concentrations less than 0.01%. Swisher (1987) presents a comprehensive review of studies at low surfactant concentrations. The complete disappearance of linear alcohol ethoxylates (LAEs) and partial disappearance of alkyl phenol ethoxylates (APEs) have been observed at low (0.001 to 0.005%) concentrations in batch studies and continuous activated-sludge systems (Ball etal., 1989; Larson and Games, 1981; and Swisher, 1987) . Primary transformation of APEs, although slower than alcohol ethoxylate (AE) degradation, will occur if the microbial cultures are properly acclimated (Swisher, 1987) .
Previous studies investigating the effect of surfactant concentrations exceeding 0.0 1 % on the viability of surfactant-degrading bacteria in activated-sludge treatment systems show highly
wastewater temperatures are greater than 18°C and no more than 0.7 to 1.0 kg BOD,/kg MLSS * d when wastewater temperatures are less than 18°C. The results also indicate that a high aerobic SRT can encourage the growth of filamentous bacteria; 12 days is tentatively suggested as an appropriate upper limit for wastewater temperatures less than 18"C, but even lower values may be needed for higher wastewater temperatures.
In terms of controlling anoxic selector performance, the anoxic SRT was proposed as a parameter better suited to day-today process control than the selector F:M ratio. Preliminary results from Beloit and Tri-City suggest that, for good anoxic selector performance, anoxic SRTs should be more than 1.0 days when wastewater temperatures are greater than 18°C and more than approximately 1.4 days for wastewater temperatures less than 18°C. The Green Bay and Landis results show the need to maintain a balance of sufficiently high anoxic SRTs, to avoid selector overloading filaments such as N. limicola II, with sufficiently low aerobic SRTs, to avoid high aerobic SRT filaments such as type 0041. Further work is needed to better define the optimal anoxic and aerobic SRT ranges for both warm and cold wastewater conditions. variable rates of biodegradation. Adams et al. (1996) examined the biodegradability in batch tests of several polyethoxylated surfactants around 0.01% and found complete degradation of the linear ethoxylates and incomplete degradation of branched and aromatic ethoxylates. Abdul and Ang (1992) found that solution-phase surfactant (C1O-LIES) concentrations up to 0.1% in a soiywater batch system could be degraded to less than 0.000 5% of parent compound within 26 days. Rouse et al. (1996) examined the oxygen uptake rate of a batch culture in the presence of 1% ethoxylated alkylsulfates (C12E1 and C12E3). Less than 1% of the surfactant theoretical oxygen demand was exerted in 5 days. This indicates that little biodegradation had occurred. Patoczka and Pulliam (1990) examined the degradation of alkylethoxylate mixtures with concentrations up to 0.06% in a continous-flow activated-sludge system; significant degradation and no toxic effects to the microorganisms were noted. They also found alkyl ethoxylate mixtures that contained LAEs and APES degraded to a lesser extent than in a mixture containing only LAEs, as measured by chemical oxygen demand (COD) and total organic carbon (TOC). None of the above studies was conducted in a sequencing batch reactor (SBR) activated-sludge system.
The reported effects of surfactants on biodegradation of other substrates are varied, ranging from complete inhibition to enhancement. Laha and Luthy (1992) reported that two nonionic ethoxylates, C8PE9 and C,,E,, inhibited phenanthrene mineralization at 0.2%. Liu et al. (1995) found that nonionic ethoxylate surfactant (ClzE4 and C,PE,,) concentrations of 0.1% did not affect the growth of a Gram-negative Escherichia coli on glucose; neither glucose nor naphthalene mineralization was adversely affected by surfactant concentrations up to 0.2% (above the CMC). Tiehm (1994) found that nonionic ethoxylate concentrations of 0.3% (CI3E9 and CsPEI2) completely inhibited the growth of a Mycobacterium sp. for all substrates (polycyclic aromatic hydrocarbon [PAH] and acetate) tested. The surfactants also prevented the microbial growth and degradation of fluorene and pyrene, but not phenanthrene and fluoranthene, by a PAH-degrading mixed culture. The microbial growth and degradation of PAH were enhanced by a branched alkylphenol ethoxylate, C12PE30, at concentrations up to 0.64%.
The CMC is an important factor related to both reduced and increased substrate availability (Laha and Luthy, 1992, and Tiehm, 1994) , inhibition of bacterial growth (Tiehm, 1994) , and interference with biochemical functions (Tanford and Reynolds, 1976) . A number of the studies noted above were conducted at surfactant concentrations above the CMC (Abdul and Ang, 1994; Liu et al., 1995; Rouse et al., 1996; and Tiehm, 1994) and reported effects ranging from inhibition to enhancement.
The SBR (Figure 1 ) was chosen for this study based on its ability to handle batch inputs and dilute toxic influent concentrations by recycling treated effluent. The SBR is a batch activatedsludge treatment configuration that incorporates reaction and settling in the same reactor (Dennis and Irving, 1979) . There is no information on microbial growth and biological solids stability in an SBR activated-sludge system degrading surfactants.
The main objective of this project was to investigate the rate and extent of biodegradation of two ethoxylated nonionic surfactants, Neodol91-8 and Makon 12, at surfactant concentrations greater than 0.01 % and up to the point at which significant inhibition occurred, which was anticipated to be above the CMC. Neodol91-8 (CloE8) and Makon 12 (Cl0PEl2) concentra- tions of 0.01% and greater were expected to degrade to an extent similar to that observed at lower concentrations for other alkylethoxylates. In addition, Neodol91-8 was expected to biodegrade more rapidly and completely than Makon 12, which contains an aromatic group (Ball et al., 1989) . Selected properties of Neodol 91-8 and Makon 12 are shown in Table 1 .
Methods
The reactors were initially operated for 10 months at initial concentrations of 0.01 and 0.05% (w/w) to develop operating parameters for the subsequent experiments. Three sets of experiments were subsequently run. The days of operation and number of time-series experiments for each initial surfactant concentration are shown in Table 2 . Reactors were allowed to acclimate to the initial surfactant concentration for at least 14 days before sampling.
Reactor System. Two 8-L bench-scale SBRs were constructed from an acrylic cylinder with an internal diameter of 200 mm and a height of 370 mm. A 13-mm thick, 300-mm square acrylic plate formed the base. Penetrations were made into the side wall for the influent fitting. A mechanical mixer fitted with a 50-mm diameter propeller (Barnant Company, Barrington, Illinois) operated at approximately 2 000 r/min was used to provide both oxygen transfer and mixing. The reactors were inoculated with waste activated sludge obtained from the wastewater treatment plant of a local brewery.
Each reactor was supplied with either Neodol91-8 (provided by Shell Chemical Co., Geismar, Louisiana) or Makon 12 (provided by Steppan Company, Chicago, Illinois) as its sole organic carbon source. The influent also contained an inorganic salt solution consisting of tap water from the city of Golden, Colorado, reagent-grade ammonium chloride (NH,Cl) and sodium phosphate (Na2HP04), and food-grade sodium bicarbonate (NaHC03). Sodium thiosulfate was added to dechlorinate the tap water. The Golden, Colorado, tap water had an alkalinity of 40 2 10 mg/L as calcium carbonate (CaC03 CaC03. Excess alkalinity was added to buffer the reactors because a pH drop was observed during preliminary experiments of the surfactants. The necessary concentrations were determined empirically for each set of experiments. The surfactants and inorganic salt solution were stored separately to discourage microbial growth and were pumped during the fill cycle of the SBRs by constant-speed peristaltic pumps (Cole-Palmer, Chicago, Illinois). A complete SBR cycle consisted of four discrete steps: (1) reactor filling; (2) reaction (microbial degradation of the surfactant); (3) solids settling; and (4) effluent decanting and discharge. After decanting, the sequence was repeated. The reactor was filled to 4 L of liquid volume and decanted to 0.5 L of liquid volume, a recycle ratio of 1% The total times for one SBR cycle were 2, 3, and 10 days for initial surfactant concentrations of 0.01, 0.025, and 0.05%, respectively. Longer cycle times were required for higher surfactant concentrations because of slower rates with higher concentrations.
Monitoring and Analytical Methods. Surfactant degradation was measured by monitoring TOC and COD during the reaction period. Samples were acidified with concentrated phosphoric acid (H,PO,) and refrigerated for not more than 30 days before analysis. Total organic carbon and COD samples were filtered through 0.45-pm membrane filters. A Schimadzu 500 (Columbia, Maryland) TOC analyzer was used to measure TOC, and COD was measured using HACH (Loveland, Colorado) reagents and equipment.
Other parameters measured were total suspended solids, pH, alkalinity, temperature, and dissolved oxygen (measures of system stability); analytical protocols from Standard Methods (APHA et al., 1980) were used. Electrical conductivity and surface tension of surfactant solutions (0.000 01 to 0.1%) in deionized (DI) water and buffered water (same as that used for the 0.05% reactor experiments) were measured to determine CMCs experimentally. Conductivity was measured by probe (APHA et al., 1980) , and the surface tension was measured by the pendent drop method in air (Ambwani and Fort, 1979) . Data Analysis. Both nonlinear and linear regressions were used to fit TOC data to the integrated form of the zero-order and modified first-order models and the differential form of the Michaelis-Menten model, Equations 1, 2, and 3 respectively. 
Where S = TOC remaining in solution, mgL; So = initial TOC concentration, mg/L; t = time, hours; ko = zero-order rate constant, mg/L h; kl = first-order rate constant, h-I; a = fraction of residual TOC; k = maximum rate, mg/L h; and Ks = saturation constant, mg/L.
( 3 )
Mean values of all parameters and data (for example, rate constants and TOC residual fraction) between experiments were compared using a Student t-test with a 95% significance level.
Results
The determination of the CMC for each surfactant was best completed by measuring electrical conductivity of sequential dilutions of DI water. The CMC could not be determined in the buffered water by electrical conductivity. The changes in conductivity resulting from the surfactant were overwhelmed by the high conductivity caused by the ions. The data from the pendent drop method confirmed the relative magnitude of the CMC determined by electrical conductivity. Because the correlation of the surface tension to the log of the surfactant concentration was nonlinear, accurately estimating the CMC using the pendent drop method was difficult. The surface tension data showed that there was no difference in CMC between the DI and buffered waters. The CMCs of both surfactants in Dl water were similar, approximately 0.0 1 % w/w. Graphic presentations of the electrical conductivity data in DI water are shown in Figures 2 and 3 for Neodol 91-8 and Makon 12, respectively. Preliminary SBR experiments indicated that foaming was a problem and could be mitigated by using a mechanical mixer instead of diffused air. An acclimated bacterial population was developed rapidly (1 week) at 0.01% of both surfactants. The degradation of 0.01 % surfactant in unbuffered water caused both a pH drop to 5 and a cessation in biodegradation. Increasing the pH restored the biodegradation activity.
The average residual TOC fraction was 0.35 for Makon 12 and 0.15 for Neodol 91-8 for all initial concentrations. The percent TOC removal for all experiments is shown in Table 3 . The averages are statistically different (a = 0.05). Percent COD removal was the same as TOC removal for all surfactant concentrations. The plateau residual concentration of TOC was reached at 18 hours, 24 hours, and 10 days, respectively, for 0.01,0.025, and 0.05% initial surfactant concentration. Whereas the percent TOC removed was independent of surfactant concentration, the residual concentration was a function of initial surfactant concentration. Both surfactants showed a marked decrease in foaming after only 4 to 5 hours, suggesting that primary transformation of the parent compound occurred more rapidly than subsequent TOC removal (Swisher, 1987) . The time-series TOC data for all experiments are shown on Figures 4, 5, and 6 for initial surfactant concentrations of 0.01, 0.025, and 0.05%, respectively.
The average suspended solids concentration for each experiment is shown in Table 4 . At 0.01%, both reactors had the (Table 5) .
Zero-order, modified first-order, and Michaelis-Menten models were fit to all time-series data sets. Linear regression analysis was used on all data sets to determine correlation coefficients for the three models examined. The fit to the first-order model had the highest correlation coefficient, Table 6 are used to plot the model profile.
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order model, determined by nonlinear regression analysis, are presented in Table 6 . First-order rate constants normalized to reactor solids concentration exhibited a relative difference similar to that of the constants presented in Table 6 . Total organic carbon profiles calculated by the kinetic model are compared to time-series data in Figures 4, 5 , and 6 for surfactant concentrations of 0.01, 0.025, and 0.05%, respectively. The average model parameters generated from all data sets (Table 6 ) are used along with the average initial TOC for each experiment to generate the curve plotted. Data points shown in Figures 4 , 5 , and 6 are for all samples taken and are not for a single sampling period.
The relationship of the first-order kinetic coefficient, k, , to initial surfactant concentration was examined. The data were fit to zero-order and linearized first-order models. The first-order model provided the best fit with a correlation coefficient, 9, of 0.86 for both surfactants. A semilog plot of k, with initial surfactant concentration and the best-fit line are presented in Figure 7 .
The average pHs were 7.6 (i0.6), 7.7 (?0.7), and 6.7 (k0.7) for reactors with 0.01, 0.025, and 0.05% initial surfactant concentration, respectively. In one cycle of the 0.05% Neodol 91-8 reactor, the pH dropped below 6 and the rate of degradation was reduced. The rate increased in the next cycle, where the average pH was 7. Macroscopically, the two cultures developed distinct colors, the Neodol 91-8 being light brown and the Makon 12 yellowish tan. A microscopic evaluation of the two cultures revealed no distinct microbial differences, with both cultures exhibiting a mixture of bacteria and protozoa. (Ball et al., 1989, and Swisher, 1987) . If such a metabolite formed in the Makon 12 reactor, the theoretical percent reduction of TOC would be approximately 55%, a value that corresponds reasonably well to the 65% removal found in this study. The toxicity of alkylphenol metabolites can be greater than the parent APE (Giger et al., 1984) . Thus, APES seem less suitable for environmental remediation. Rate of Biodegradation. The rate of TOC disappearance best fit a modified first-order model. Other investigators have fit surfactant degradation to first-order models for substrate as TOC, COD, carbon dioxide, and methylene blue active substance (Larson and Games, 1981; Lee et al., 1995; and Vashon and Schwab, 1982) . The rate constants determined in this study strongly depended on initial concentration. Normalization of the rate constants to reactor solids concentration did not change the strength of the concentration dependence.
The first-order rate constants at 0.01 and 0.025% (0.1 to 0.2 h-') exceeded reduction rates observed in earlier studies conducted at lower influent concentrations. Vashon and Schwab (1982) investigated trace concentrations of a linear alkylethoxylate, CI6E3. At concentrations below 0.000 I%, the first-order rate constant was 0.012 6 h-'. Larson and Games (1981) investigated concentrations less than 0.000 01% of a linear alkyl ethoxylate, ClzE9. The first-order rate constant for 14C02 formation ranged from 0.010 to 0.029 h-'. Adams et al. (1996) reported first-order rate constants (approximately 0.01 % surfactant concentration) ranging from 0.005 to 0.04 h-' (upper value with oxidative pretreatment). Pitter and Fuka (1979) found rates to range from 1.25 to 2.75 mg TOC/g h; nonyl-phenol ethoxylates with C9PE3 to C9PE15 ranging from 3 to 35 at initial concentrations of approximately 0.002% were studied. Total organic carbon removal rates in the current study ranged from 20.8 to 40.5 mg TOC/g. h. Abdul and Ang (1992) evaluated the biodegradability of a linear alkylethoxylate C,lE, in a soil/water system at concentrations of 0.018 to 0.1%. The half-life for primary degradation ranged from 5 to 18 days. The half-life of TOC disappearance for Neodol 91-8 and Makon 12 ranged from 0.2 to 0.4 days for concentrations up to 0.025% and 3 days for a concentration of 0.05%. Rouse et al. (1996) evaluated the oxygen uptake of alkyl ethoxylated surfactants (C1ZEO-3S04Na) in a batch system with CMCs ranging from 3.2 to 8.2 mM (0.11 to 0.24%). Average oxygen uptake rates over 120 hours varied from 0.16 to 0.48 mg BOD/L*h. In the current study. COD disappearance for the 0.01 and 0.025% surfactant concentrations were on the order of 10 mg CODL. h. Thus, the rates obtained were an order of magnitude greater than those reported by Abdul and Ang (1992) , Adams et al. (1996) , Larson and Games (l981), Pitter and Fuka (1979), Rouse et al. (1996) , and Vashon and Schwab (1 982). The tests by other investigators monitored the disappearance of surfactants by unacclimated microorganisms. In the current study, the mixed culture had been subjected to long-term acclimation to the surfactants as the sole carbon source. Thus, the higher degradation rates may be attributable to acclimation. Factors Affecting Rate. The decrease in reaction rate with increasing surfactant concentration may be attributed to several phenomena: pH, bioavailability , andor interference with biochemical functions. The average pH for the 0.01 and 0.025% reactors was nearly the same (pH = 7.6), whereas the 0.05% reactor was approximately I pH unit lower (pH = 6.7). This may have contributed to the lower biodegradation rates at 0.05%. In one 0.05% Neodol91-8 cycle, the pH dropped below 6 and the rate of degradation dropped to 40% of the other runs; the reduction in rate was reversed in the next cycle. The pH reported in other biodegradation studies was between 7 and 8 for some (Ball et al., 1989; Laha and Luthy, 1992; and Patoczka and Pulliam, 1990) and not reported for others Ang, 1992, and Giger et al., 1984) . Nitrification may have caused the lower pH observed in the 0.05% experiments because an excess of ammonia (75 mg N L ) was added. Nitrification nominally consumes 7.14 mg CaC03/mg N (Parker et al., 1975) ; thus, a large fraction of the alkalinity may have been consumed by nitrification. The long SBR cycle (14 days) for the 0.05% experiments and aerobic environment presented good conditions to promote the growth of nitrifiers. Better control of nitrogen addition and a pH control system should mitigate this problem. However, the exponential relationship between the firstorder rate constants and initial concentration observed in this study does not appear to be related to pH.
The surfactant may become less bioavailable as concentrations increase to greater than the CMC. Laha and Luthy (1992) found that phenanthrene degradation was inhibited in aqueous solutions containing surfactant concentrations (C,,E, and C8PE9.5) in excess of 0.1%. They concluded that the surfactant itself was not toxic, only that phenanthrene bioavailability was reduced by incorporation into micelles. In the current study, this phenomenon should not happen because theoretically the concentration of surfactant monomer above the CMC should be approximately the CMC concentration (Helenius and Simons, 1976) . Hence, free surfactant molecules should be available to the bacteria.
The surfactant may interfere with biochemical functions of the bacteria above the CMC. Surfactants may bind with membrane proteins and/or membrane lipids. The affinity between membrane proteins and surfactants is much higher than between soluble proteins and surfactants. Two types of binding processes thought to occur are (1) the protein may undergo conformational change in the presence of the surfactant that produces a new binding site for the surfactant, and (2) the membrane hydrophobic area binds with a large number of surfactant molecules in the same manner as mixed micelle formation; enhanced binding is observed to occur near and above the surfactant CMC (Tanford and Reynolds, 1976) . Changes may involve subtle alterations in the permeability of the membrane. Surfactants affect most membrane-bound enzyme activities: they may be activated, inhibited, or modified (Helenius and Simons, 1975) . The surfactant may interact with the proteins to form complexes that affect the ability of the microorganism to degrade the surfactant, but not to the extent that the membrane is disrupted or the bacteria is unable to function. Surfactant micelles that complex with the membrane may form mixed micelles with a new CMC for the mixture that is much lower than that of the original surfactant, since membrane lipids have CMCs on the order of lo-'' M (Helenius and Simons, 1975) . These interactions may affect the effectiveness of enzymes, integrity of the membrane, and bioavailability of the surfactant.
Effect of Surfactant Micelles on Biodegradation. The presence of surfactant micelles is an important factor related to bacterial substrate availability, inhibition of growth, and interference with biochemical function; thus, the concentration at which micelles form (CMC) is also important. The reported effect of surfactant concentrations greater than the CMC on bacteria is mixed. Liu et al. (1995) found that similar surfactants (greater than the CMC) did not affect growth or mineralization of glucose and naphthalene. Laha and Luthy (1992) found that inhibitory effects on hydrophobic substrate degradation were reversible on dilution to less than the CMC. Tiehm (1994) observed that sensitivity to surfactants was surfactant and species dependent; both inhibition and enhancement were observed at greater than the CMC. Rouse et al. (1996) reported that the oxygen demand exerted by two ethoxylated alkylsulfates (CI2EI and C,,E,) at 1% (greater than the CMC) was less than 1% of the surfactant theoretical oxygen demand, and after 5 days approached a plateau. Abdul and Ang (1992) found complete degradation of an LAE (C10-11E5) from 0.1% in a soil/water batch system within 26 days, estimated to be greater than the CMC (Rosen, 1989) . All of these studies used cultures not acclimated to growth in the presence of surfactant. Bacteria that are grown on surfactants as a sole carbon source must have a mechanism to interact with the surfactant molecules to obtain energy and carbon (for example, development of surface protein structures with a high affinity for surfactants to facilitate uptake). Thus, acclimated surfactant-degrading populations may be more susceptible to surfactant interactions with membranes or protein structures.
The CMC is a difficult parameter to assign a single numerical value. Factors that hinder the exact determination are technique differences, solvent composition, and presense of solids. Critical micelle concentrations may vary as much as ?350 mg/L (0.035% w/w) (Rosen, 1989) . Electrical conductivity data from the current study suggest that all experiments were at greater than the CMC. The variation in the first-order rate constant with initial surfactant concentration suggests an inhibitory effect of increasing surfactant concentration to more than 0.01 % (the CMC). One explanation is that increasing concentrations of surfactant micelles promote more inhibitory interactions with the membrane and surface proteins (Tanford and Reynolds, 1976) .
Activated-Sludge Systems. Only Patockza and Pulliam (1991) have demonstrated long-term operation of an activatedsludge system with surfactants as the sole carbon source. They found that mixtures of LAE and APE at 0.063% could be degraded in a continuous-flow activated-sludge system. Concentrations of COD and TOC in the reactors were 10 to 30% of the influent values. Reactor solids concentrations were maintained at greater than 2 000 mg/L for all reactors. The continousflow activated-sludge system seems to be more stable and less suseptible to inhibition than batch systems at high-concentration influent because the microorganisms are only exposed to the reactor concentration. However, the SBR system could be operated with a higher recycle ratio to effectively dilute the initial reactor concentration.
Reactor solids concentrations at 0.05% were expected to he higher than at 0.01 and 0.025%, yet reactor solids concentrations were the same or lower. The high effluent solids concentrations and low reactor solids from the 0.05% reactor suggest that this reactor was losing the ability to flocculate and settle well. This observation correlates with Rzechowska's (1976) results, which showed that alkyl ethoxylate doses greater than 0.32 mg/mg dry weightlday caused a significant loss in biomass and loss of floc structure. At 0.05%, the initial dose of surfactant per biomass was approximately 0.83 mg Makon 12/mg solids and 1.7 mg Neodol 91-8/mg solids, values exceeding those that caused problems in Rzechowska's (1976) study. The 14-day cycle length at 0.05% would also cause a higher loss of reactor solids from decay. A strong ammonia-like smell associated with decay was detected in the 0.05% reactor. The initial surfactant concentration of 0.05% seems to cause problems with flocculation.
Con c I u s i o n s
High rates of degradation and a stable SBR activated-sludge system were acheivable for surfactant concentrations less than 0.05%. The rate of biodegradation seems to decrease with increasing initial surfactant concentration. The decrease was documented by reductions in the reaction rate and relative biomass and an increase in solids loss to the effluent.
Removal of TOC for both surfactants and at each influent concentration was best fit by a modified first-order model. The rate constants from the 0.01 and 0.025% experiments are an order of magnitude greater than those observed at 0.05% and from studies conducted at lower influent concentrations using nonacclimated cultures.
The biodegradable fraction of similar surfactants from studies at concentrations less than 0.01% was a good predictor of the biodegradable fraction up to 0.05%. However, rates from lower concentration and unacclimated studies were much lower than observed in the current study at high concentrations and an acclimated culture.
Low sludge carbohydrate content: a prerequisite for enhanced biological phosphate removal
Yan-Hua Liu
ABSTRACT:
The relationship between sludge carbohydrate (CH) content and phosphate (P) removal performance has been studied in two sequencing batch reactors (SBRs) exhibiting enhanced biological phosphorus removal (EBPR). Glucose and acetate were used as the main organic substrates for the two SBRs, respectively. The phosphorus removal performance was excellent when the sludge CH content ranged from 8 to 10% (CH/mixed liquor suspended solids), but it declined concomitantly as the sludge CH content increased beyond this range. The sludge CH content was found to be a reliable parameter representing its capacity for phosphorus removal. The change of the sludge CH content was mainly influenced by the characteristics of the substrates, as well as by the operation modes. The study, as a whole, suggests that the control of sludge CH content to low levels is a prerequisite for achieving enhanced phosphorus removal in EBPR process. Water Enviyon. Res., 69, 1290 (1997).
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The enhanced biological phosphorus removal (EBPR) process is an economical and environmentally friendly method for removing phosphate (P) from wastewater (Barnard, 1974) . In the process, an anaerobic stage is typically placed at the head of an aerobic stage. Enhanced phosphorus removal is attributed to the activities of the polyphosphate-accumulating (PP) bacteria. In the anaerobic stage the PP bacteria degrade intracellular polyphosphate to liberate energy for the uptake of organic substrate. The substrate thus taken up is stored as intracellular organic polymers such as polyhydroxyalkanoates (PHAs), which are subsequently oxidized in the aerobic stage to yield energy for the regeneration of the polyphosphate (Comeau et al., 1986; Mino et al., 1987; and Wentzel et al., 1992) . In this way the PP bacteria successfully compete for substrate with other bacteria in the process; phosphorus in wastewater is transferred to the biomass (sludge); and the phosphorus is finally removed from the process through the wastage of sludge. It has been demonstrated in some full-scale wastewater treatment plants that the EBPR process is able to reduce phosphorus concentrations to very low levels (Ketchum et al., 1987, and Oldham, 1985) . In some cases, however, this process fails even under well-defined and -controlled laboratory conditions (Cech and Hartman, 1993; Fukase et al., 1985; Matsuo, 1994; and Satoh et al., 1994) . In one of these cases of failure (Cech and Hartman, 1993) , a group of microorganisms called "G bacteria" was observed to have successfully competed for substrate with the PP bacteria in the anaerobic stage, and the predominance of the "G bacteria" in the sludge population caused the decline of the phosphorus removal. It is hypothesized that the "G bacteria" accumulate and use intracellular carbohydrate (CH) instead of polyphosphate as the internal source of energy (Matsuo et al., 1992, and Satoh et al., 1992) . It is possible that competition between the CH-accumulating bacteria and PP bacteria may be an important cause of the unreliability of the EBPR process. Although little is yet known about the characteristics of the CH-accumulating bacteria, the storage of intracellular CH is obviously important for them to survive. To avoid the detrimental effects caused by the CH-accumulating bacteria, two aspects need to be investigated: the phosphorus removal performance influenced by the change of sludge CH content and the factors affecting the change of sludge CH content. This paper investigates these two aspects using glucose and, by contrast, acetate as the main organic substrates.
Methods and Procedures
Reactor Operation Procedure. Experiments were carried out in two sequencing batch reactors (SBRs) simulating anaerobic-(anoxic)-aerobic activated-sludge systems. Each reactor had a working volume of approximately 4 L (Figure 1 ). Each operational cycle had five basic periods (fill, react, settle, draw, and idle) in a time sequence. The sludge volume before fill was 0.5 to 0.9 L, depending on the discharge port locations. This allowed the sludge mean cell residence time (MCRT) to be adjusted and controlled. At the beginning of the cycle, 3.3 L of influent (Table 1) was continuously pumped into the reactor over a period of 0.5 hours. In the following anaerobic and anoxic reaction stages, the reactor contents (mixed liquor) were stirred by a mechanical stirrer. The value of oxidation-reduction potential (ORP) in the mixed liquor decreased to -380 mV in the anaerobic stage. The anoxic stage was introduced by dosing a concentrated potassium nitrate (KNO,) solution into the reactor.
In the aerobic stage, the mixed liquor was aerated by bubbling air through an air diffuser. The mixed liquor dissolved oxygen (DO) concentration was not controlled during the initial month of operation. As a consequence, it increased rapidly to a level above 5 mg/L in the aerobic stage. Following the initial month of operation, the aeration rate was controlled and the DO level was controlled to be in the range of 1.5 to 2.8 mg/L during the day. However, because of the daily variation of the air supply, the DO level in the night was slightly lower than that during the day. The stirrer was set to work in the aerobic stage after it was found that the aeration could not mix the reactor contents effectively. After the settle period, the supernatant and the wasted sludge (totaling 3.3 L) were discharged.
